Though the primary action of the cationic antibiotic polymyxin B is against the membrane of susceptible bacteria, severe morphological changes are detected in the cytoplasm. Using fluorescence microscopy and a mono-N-dansylpolymyxin B derivative, we could demonstrate aggregations of the antibiotic with cellular material, possibly nucleic acids and/or ribosomes. These aggregations were only produced by minimum inhibitory or higher concentrations of the antibiotic as shown with Salmonella and Escherichia strains differing in their polymyxin susceptibility. The outer membrane of Salmonella typhimurium revealed characteristic blebs when treated with polymyxin B. This was investigated by the gentle methods of spray-freezing and freeze-etching. The obtained electron micrographs suggest that the polymyxin-induced blebs are projections of the outer monolayer of the outer membrane. A possible mechanism of penetration of polymyxin B through the cell envelope of gram-negative bacteria is presented.
Though the primary action of the cationic antibiotic polymyxin B is against the membrane of susceptible bacteria, severe morphological changes are detected in the cytoplasm. Using fluorescence microscopy and a mono-N-dansylpolymyxin B derivative, we could demonstrate aggregations of the antibiotic with cellular material, possibly nucleic acids and/or ribosomes. These aggregations were only produced by minimum inhibitory or higher concentrations of the antibiotic as shown with Salmonella and Escherichia strains differing in their polymyxin susceptibility. The outer membrane of Salmonella typhimurium revealed characteristic blebs when treated with polymyxin B. This was investigated by the gentle methods of spray-freezing and freeze-etching. The obtained electron micrographs suggest that the polymyxin-induced blebs are projections of the outer monolayer of the outer membrane. A possible mechanism of penetration of polymyxin B through the cell envelope of gram-negative bacteria is presented.
The basic polypeptide polymyxin B (PX) acts specifically on gram-negative bacteria by electrostatic and hydrophobic interactions with anionic cell envelope components like phospholipids (10, 11, 21, 34, 36) and lipopolysaccharides (LPS) (3, 26) . These molecules are most likely the primary receptor molecules and responsible for the classification of the polymyxins as membrane-specific antibiotics. A possible penetration of the antibiotic into the cytoplasm, however, has not been directly demonstrated, although Few and Schulmann (7) supposed from binding studies that such a penetration could occur. In the same sense, Handley et al. (9) interpreted the condensation of nuclear material in PX-treated bacteria as revealed by electron maicroscopy as polymyxin-deoxyribonucleic acid complexes. These have been described in vitro (18) . By the use of mono-N-dimethylaminonaphthalene-sulfonyl-polymyxin B (dansyl-PX), we were able to prove the intracellular accumulation of PX. A preliminary report has been presented (37) .
An additional structural change, the formation of blebs in the outer membrane of gram-negative bacteria (9, 13, 31, 40) , was reinvestigated by the application of spray-freezing and freeze-etching (1, 2, 24) . Freeze-etching has been described for Escherichia coli B to give a relatively close approximation to the living state (5) . It could be excluded that PX-induced bleb formation is an artifact of fixation of detergent-weakened membranes. The technique used suggests these blebs to be evaginations of the cell surface monolayer of Salmonella typhimurium. For all experiments, the cells were grown at 37 C with rapid shaking into logarithmic phase (optical density units, 0.66 at 600 nm; about 7.5 x 108 cells/ml) in a glycerol-salts medium (32) , which was supplemented with 0.3% casein-hydrolysate (Merck) and 0.01% each glycine, L-methionine, L-serine, and L-tryptophan.
MATERIALS AND METHODS
MICs. Minimum inhibitory concentrations (MICs) were determined by inoculating bacterial cultures at 0.66 optical density units at 600 nm for 2 h with the antibiotic under growth-permitting conditions. The MIC was defined as the concentration of the antibi-otic which just inhibited further growth of the bacteria.
Microscopy. For fluorescence microscopy, a Carl Zeiss Standard RA instrument was used. The desired concentration of dansyl-PX was added directly into the medium.
For freeze-etching, cells of S. typhimurium SL 1135 and G 30 were incubated with 10 ug of PX per ml of medium for 3 min, centrifuged at 4 C for 10 min at 3,000 x g, washed once in distilled water, and resuspended to 1010 cells/ml in distilled water. Further treatment of this suspension followed the method of Bachmann and Schmitt exactly (1).
Preparation of dansyl-PX. PX-sulfate (Pfizer) ( (3) . The extinction coefficient 0827,5 of dansyl-PX in distilled water was 4.55 x 106/cm2 per mol, which agrees well with proteinbound dansyl groups (42) .
RESULTS
MICs of dansyl-PX as compared to PX. The substitution of one amino group of PX by one dansyl group resulted in a significant decrease of bactericidal activity. As this activity is not diminished in mono-N-acetyl-PX derivatives (36) , the decrease may be ascribed to the bulkiness of the comparably large dansyl group. Possibly, there is a preference of N-substitution in the cyclic part of the PX molecule. The latter is necessary for bactericidal activity (17) . The MICs for some bacterial strains are summarized in Table 1 .
Fluorescence microscopy of Salmonella and Escherichia strains after treatment with dansyl-PX. Cells grown in glycerol-salts medium were supplemented with the desired concentration of dansyl-PX. Immediately after application of the antibiotic, 50 ,l of the suspension was placed onto a slide, covered, and viewed under the microscope at room temperature.
If the experiment was performed at room temperature, all cells revealed fluorescence of their envelopes 30 s after dansyl-PX application, which was the fastest possible time of In Fig. 1 and 2 , S. typhimurium G 30 is shown immediately before and after the formation of aggregates. This aggregation occurred spontaneously in the whole cell population at about the same time (Table 2) .
Cells kept at 0 C showed no fluorescence even at a twofold MIC and after 2 h of incubation. However, if these cells were allowed to warm up under the microscope at room temperature, fluorescent aggregations occurred (see last three lines of Table 2 ). In cells originally kept at 0 C and then allowed to warm up on the microscope, the envelopes began to become fluorescent at the same time and independently of antibiotic concentration, which points to a discrete temperature at which binding starts. Likewise, aggregate formation exhibited the same phenomenon. This temperature transition of PX uptake and susceptibility has also been demonstrated with a mono-N-acetyl-PX derivative and has been discussed in relation to the temperature transition points of phospholipids (36) .
The appearance of the fluorescent aggregates in the cytoplasm as a consequence of bactericidal concentration of PX clearly proves the penetration of the antibiotic into the cells. These aggregations seem to be bound to the membrane, which is shown by the conversion of filamentous dansyl-PX-treated E. coli B into spheroplasts ( Fig. 3 and 4) by the method of Teuber (33) . This could strengthen the interpretation of PX-deoxyribonucleic acid complexes because deoxyribonucleic acid is attached to the cytoplasmic membrane (27) . Other patches aTime dependence of the envelope fluorescence and the formation of fluorescent aggregates in the cell interior after treatment with different concentrations of mono-N-dansyl-PX at different temperatures. The noted temperature is that of the bacterial suspension, the slides, and the antibiotic solution at the beginning of each experiment. The microscope temperature was always 23 C.
b Due to warming of the sample under the microscope. may be complexes with ribonucleic acid and ribosomes as reported in vitro (19) or may represent a binding to mesosomes (25) .
After a prolonged incubation of 1 h and longer, the amount and size of the fluorescent aggregations diminished. This is due to lysis of the bacteria (40) , which includes severe degradation of nucleic acids (21, 35) . The resulting disappearance of, mainly, the large aggregations is shown in Fig. 5 .
Since the Zeiss Standard RA microscope enabled direct switching from fluorescence to phase-contrast microscopy settings, the internal, cytoplasmic localization of the fluorescent patches could be further established by focusing experiments using phase-contrast microscopy. Most of the fluorescent patches appear as dark aggregates in the interior of the cells (Fig. 6) .
The described action of dansyl-PX on the bacterial cell (envelope fluorescence, formation, and loss of aggregates) was found in all tested strains (Table 1) .
Freeze-etching of S. typhimurium after treatment with PX. Freeze-etching of untreated S. typhimurium G 30 revealed three ANTIMICROB. AGENTS CHEMOTHER.
surface layers which were interpreted to consist of the relatively smooth upper monolayer of the outer membrane, the somewhat woven and finely particulated fracture face of the inner monolayer of the outer membrane, and the surface of the particulated rough cytoplasmic membrane (Fig. 7) . The cytoplasm can be seen as a rough amorphous structure (Fig. 8) . Our interpretation is based on the figures and their interpretation of E. coli (5, 20, 39) and of Pseudomonas and Acinetobacter (30, 38) .
If the S. typhimurium G 30 cells were treated with 10 ,gg of PX per ml for 3 min, numerous blebs appeared only at the outermost layer (smooth upper monolayer of the outer membrane) (Fig. 9-13 ). The PX-induced projections varied in size, with diameters between 10 and 30 nm. They appeared to be rather spherical in the 1-min etched samples ( Fig. 9-11 ). In longer etched ones (3 min) they appeared to be "melted" to prolonged membranous eruptions ( Fig. 12 and 13 ). Freeze-etching of S. typhimurium SL 1135, having the complete polysaccharide chains of LPS, produced the same number of fracture faces. In addition, the outermost layer (smooth upper monolayer of the outer membrane) showed a rather complex structure (Fig. 14) . A large number of "fibrils" originates from the smooth upper monolayer of the outer membrane. They extend to about 80 nm from the cell surface, which compares well with the length of the 0-antigenic polysaccharide chains of LPS (4). Perhaps they represent LPS clusters. Their lack in E. coli B (20) is not surprising because this is a rough strain with surface structures like the rough S. typhimurium G 30 (chemotype Rc).
If S. typhimurium SL 1135 was treated with 10 gg of PX per ml, blebs also formed in the outer leaflet of the outer membrane ( Fig. 15 and  16 ). Some blebs seemed to arise from the base of one or more "fibrils" (Fig. 16 ). tions of the antibiotic. Though we have employed a derivative of the antibiotic, we believe that our findings are also valid for the natural PX molecule for two reasons. (i) The relative bactericidal activity of the dansyl derivative was the same for susceptible and more resistant strains. (ii) Aggregate formation in the cytoplasm was only induced by PX at bactericidal concentrations as revealed by phase-contrast microscopy (data not shown).
DISCUSSION
We suggest that these aggregations are due to a direct precipitation of nuclear material and ribosomes by the antibiotic (18, 19) , but in what manner does PX penetrate into the cytoplasm and does this penetration occur at sublethal doses are questions that must be asked. It is possible that only at the MIC and higher is the accumulation of PX in the cytoplasm high enough to cause those aggregations. The response of PX-treated cells at sublethal concentrations might give valuable information. Sucrose-dependent plasmolysis, for example, was rapidly diminished at 25% of the MIC. At 50% of the MIC there was significant reduction of active transport, ribonucleic acid, deoxyribonucleic acid, and protein synthesis, and induction of ribonucleic acid breakdown, as well as increased sensitivity to lysozyme (35) . This is evidence for a destructive action of PX on the permeability barriers of the outer and cytoplasmic membranes. If we treated bacteria with sublethal doses of dansyl-PX, centrifuged, and added unlabeled PX to a lethal concentration, fluorescent aggregations were formed with decreased fluorescence intensity. This could be an indication that PX enters the cell at sublethal concentrations but is unable to precipitate cytoplasmic components. For ribosomes such a precipitation has been shown in vitro to be concentration dependent (19) . Another interpretation is the possibility of transfer of envelope-bound PX into the cytoplasm if the antibiotic concentration is increased in the medium. Exchange of PX in vitro between isolated PX receptors is currently being investigated.
The formation of blebs was detected in the outermost layer of PX-treated cells. The cationic detergent-chlorhexidine produces similar morphological alterations in gram-negative bacteria (15) . Severe (35) . The calculated enlargement of at least 11% can therefore not be explained by a simple intercalation of PX. In addition, extensive aggregations of membrane compounds must be postulated which will finally result in the bleb formation. In S. typhimurium the lipid A part of LPS and the acidic phospholipIds phosphatidylglycerol and cardiolipin are components of the outer membrane (16, 22) and known to complex with PX (3, 34) . Of these substances, LPS is most likely asymmetrically localized only in the outer leaflet (8, 14) , which is unknown for phosphatidylglycerol and cardiolipin. The described bleb formation could therefore be attributed to aggregations of PX with LPS, cardiolipin, and phosphatidylglycerol. This interpretation is supported for LPS by the observation that previous adsorption of LPS-specific phages prevented the PX-induced projections (12) . Induction of bleb formation by PX has also been obtained with isolated cell envelopes (13) . The aggregation of LPS and/or acidic phospholipids with PX at the site of bleb formation could lead to an extraction of these molecules from the remaining protein lattice. In this way we can envisage the production of pores, which must be large enough to account for the fact that PX-treated cells become permeable for proteins like lysozyme (33, 41) and periplasmic enzymes (6) . Since molecules of the size of PX are usually not able to pass the outer membrane (23, 29) , this mechanism would also explain the penetration of the antibiotic to the cytoplasmic membrane and into the cytoplasm. Further elucidation of the PX action and penetration through the membranes of gram-negative bacteria must await investigations on the immediate environments of the antibiotic molecule in these membranes. The problem could be approached by the application of chemical cross-linking agents which produce a covalent linkage between PX and its neighbor molecules. Suitable agents are currently being investigated in our laboratory.
